Abstract Pechini method is a materials synthesis method based on the preparation of a polymeric matrix. The advantage of this method is the ability to obtain materials with different particle sizes depending on the synthesis condition with a homogeneous distribution. In this work, carbonated hydroxyapatite (c-OHAp) nanoparticles were obtained by a modified Pechini method. To obtain the polymeric precursor of the c-OHAp, the polymeric matrix was prepared through a polyesterification reaction between citric acid and ethylene-glycol. Adding calcium hydroxide and ortophosphoric acid in aqueous solutions, raising the temperature up to 140°C/2 h and keeping constant the pH at 8. The polymeric matrix was calcinated at different ranges of temperature from 200 to 600°C in order to obtain the c-OHAp powder. The results show the presence of c-OHAp a as unique phase. The thermal analysis indicates that the c-OHAp phase was obtained at 600°C. The particle size of the obtained material was \50 nm.
Introduction
In recent years, interest has been growing in finding new materials to innovate the biotechnology industry. It has been shown that the properties of inorganic nanomaterials depend strongly on their morphologies. The design and controlled synthesis of nanostructures with different morphological configurations and particle size distribution on a large scale is very important from the viewpoint of both technology and basic science [1] .
In the medical field, the research aims to design materials capable of inducing tissue regeneration. The natural bone minerals are made of nanostructurated non-stoichiometric hydroxyapatite with 20 nm in diameter and 50 nm long approximately [2] . Synthetic hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , OHAp is widely used as a bone substitute in reconstructive orthopedics and in dental surgery in solid form or as coating material on metallic implants [3, 4] . There are also numerous works describing the processing of porous scaffolds for bone-in growth [5, 6] . Synthetic OHAp has excellent biocompatibility, bioactivity and osteoconductivity properties due to the similarity of its chemical composition with the inorganic constituent of bones and teeth [7, 8] . Biological response of the host tissue depends on the surface features of the implanted material. For powder products these include specific surface area crystallite size and morphology and particle size [9] . Phase composition and stoichiometry are also important as thermal stability and solubility. All these parameters are greatly influencing by the route of fabrication [10, 11] .
Therefore, OHAp nanoparticles have been synthesized by several techniques. Particle sizes from 45 to 65 and from 75 to 100 nm with a uniform morphology were obtained by hydrothermal and solvo-treatment processes [12] . Particles of OHAp in a micrometer range were obtaining by suspension plasma spraying, but the CaO and b-TCP phases were also presented [13] . In the case of synthesis by a biomimetic route in the presence of simulated body fluid (SBF) solution, the particle size range obtained was in the micrometer scale [14] . The sol-gel technique can also be used and it offers many advantages: the calcination temperatures are rather low (from 300 to 1,000°C), and the OHAp particles are obtained of nano-size or sub-micrometers sizes. However, there is a strong tendency to yield biphasic or triphasic products [15] [16] [17] .
A technique derived from the sol-gel method is the Pechini method. The Pechini method utilizes the ability of some a-hydrocarboxylic acids to form chelates with metallic ions. The chelates can undergo poly-esterification when heated with a polyhydroxy alcohol. Calcination of the resin removes the organic constituents leaving the desired ceramic composition as residue. This synthesis technique was patented by Maggio Pechini, who synthesized alkaline titanates for use like capacitors dielectrics in the 60 s decade [18] . The Pechini method is since then a route widely used to prepare ceramics with controllable size, different morphology, homogeneous distribution of precursor powders and improved properties compared with those elaborated through conventional procedures [19] .
The Pechini method is suitable to produce bio-ceramics as hydroxyapatite. A modified Pechini method have already been assayed to obtain OHAp but only followed by high calcination temperatures that induces a phase transition and modified the nature of the obtained particles [20] .
In this work, a modified Pechini method using only low temperatures is presented. The purpose is to produce monophasic nanoparticles of carbonated hydroxyapatite with a controlled particle size and morphology. 2 ) aqueous solution and a 0.1 M H 3 PO 4 solution, were added to the polymeric precursors. The pH of the solution was adjusted at eight by adding ammonium hydroxide and heated at 140°C with constant stirring. After 2 h a resin was obtained, it was washed and dried at 100°C for 24 h. The resin was subsequently calcinated in air at intervals of 100°C from 200 to 600°C for 24 h. Figure 1 shows the synthesis route for obtaining OHAp by the modified Pechini method. The analysis of the polymeric resin was carried out using thermal analysis (DTA-TGA) coupled with mass spectrometry coupled, infrared spectroscopy (FTIR), X-ray diffraction (XRD), with TG, and scanning electron microscopy (SEM).
The thermo-gravimetric TGA and Mass spectrometer of the resin were carried out on a TGA Q500 instrument with a heating rate of 10°C/min up to 700°C. Fourier transformed infrared (FTIR) spectra were registered in a Nicolet Instruments model Nexus 407 spectrometer over the 400-4,000 cm -1 region using 32 scans with a sensitivity of 2 cm -1
. The crystal phase and the structure of the powders were determined by XRD using a D8 Focus Bruker AXS diffractometer with Cu-ka radiation in the 2h range between 10 and 608 with a step wise of 0.02 and a speed of 28/min. The surface morphology and microstructure were observed with a scanning electron microscope JEOL JSM-6300, a transmission electron microscope JEOL 2010 FEG FASTEM.
The analysis of the OHAp powder was carried out with infrared spectroscopy, Raman, and XRD techniques. Specific surface area was measured and the morphologic aspects of the powder were observed employing light microscopy, SEM, transmission electron microscopy (TEM) and high-resolution electron microscopy (HRTEM).
The specific surface area of the powders was evaluated by the Brunaer-Emmett-Teller method in a Bell Prep IIBelsorp II, Bell Japan Inc. The surface morphology and microstructure were observed with a high resolution transmission microscope JEOL 4000EX. Raman spectroscopy was performed in a Renishaw in Via-Reflex Raman Microscope with a 785 nm notch laser with a grating ratio 1,200 l/mm (633/780) and a Master Renishaw CCD camera detector, laser power was 100 % for exposure/line 10.00 at a focal distance 30 mm. 
Analysis of the polymeric matrix
Figure 2a displays the FTIR spectrum of the obtained resin from the polyesterification reaction. Bands at 3,201 and 1,641 cm -1 are attributed to hydroxyl groups in carboxylic acids dimmers linked through a hydrogen bonding [21] . There is a shoulder at 1,736 cm -1 and a weak band at 1,710 cm -1 associated with the stretching mode of C=O [22, 23] . Other weak vibration modes that may correspond to a carboxylic group -COO -are observed at 1,727 and 1,403 cm -1 [21] . The band observed at 1,710 cm -1 and the bands at 1,265 and 667 cm -1 , may correspond to the C-O-C and vibration stress ''wagging'' of C=O, respectively. They should belong to an ester formed in the polyesterification reaction between the citric acid and ethylene glycol [22, 23] . Other weak vibration mode was found at 1,694 cm -1 that can be assigned to the antisymmetric -COO -stretching mode for a unidentate complex [22] . The symmetric stretching mode of -COO -in an unidentate complex that leads to the formation of a bidentate complex type bridge is located at 1,658 and 1,619 cm -1 , respectively. The band corresponding to the formation of citrate is at 1,571 cm -1 . Finally, the peak at 887 cm -1 corresponds to the stretching mode of C-O [23] . Some carbonates, ionized carboxylates and phosphates are also present [23] . The bands at 1,033, 563 and 599 cm -1 correspond to PO 4 3-groups indicating a secondary phase in the resin [4] . A band at 3,201 cm -1 can be attributed to the presence of OH -groups in dimers of carboxylic acid connected through hydrogen bonding and maybe also to ammonium ions (NH 4 ) [8] . The resin decomposition has been study for some researches. Cho et al. [24] and Jenq-dar Tsay et al. [25] investigated the evolution of resin intermediate formed during the Pechini process. The bonding nature of unidentate complexes changed to unidentate ? bridging ? ionic. Carbonate species appear before the ceramics were formed.
The X-ray diffractogram of the dried resin at 100°C during 24 h is shown in Fig. 2b . The diagram of the resin obtained shows three broad reflections with at 2h: 278, 328 and 478, which are compatible with a poorly crystallized apatite [4] .
TGA-Mass graphs of the resin are shown in Fig. 2c . Three weight loss steps can be observed in the TGA. The first step is in the range of 30-170°C with *12 % weight loss. It can be attributed to the elimination of the excess of water formed during the polysterification and ethyleneglycol [23, [26] [27] [28] [29] [30] [31] . The second step shows *35 % weight loss between 171 and 340°C and it can be attributed to the elimination of the excess of ethylene-glycol added and the breakdown and combustion of citrates and polymeric complexes formed during the polyesterification reaction [29] [30] [31] . The third step, an *8 % weight loss is observed in the temperature range 341-520°C, and it can be assigned to the elimination of residual polymeric chains and condensation reactions leading to the formation of calcium phosphates [22, 23, [26] [27] [28] [29] [30] [31] [32] [33] .
Mass spectrometry shows some peaks associated to the breakdown of polyester, the maxima of mass located at 365, 498, 508 and 526°C are related to the breakdown of the polymer chains [34, 35] . Olygomers of ethylene-glycol are broken, as seen from the maximum of 77 before 500°C. The maxima of 72, 78 and 79 suggest the breaking of the metallic citrates, resulting in chemical reactions between O-Ca-C and PO 4 loading to the nucleation of the hydroxyapatite phase. Figure 3 shows the light microscope images of the powder at different temperatures during the transformation of the polymeric matrix to calcium phosphate, from 100 to 600°C. Note the different colors they present at the different temperatures. Figure 4 contains the SEM images of the powders obtained at different temperatures. The changes of morphology during the transformation of polymeric matrix to apatite phase could be appreciated. The polymeric matrix obtained by Pechini method (Fig. 4a) , has a sponge-shaped porous morphology. This is due to the violent emission of gas during the synthesis (phenomenon foaming ''puffing'') [36] . Images of polymeric matrix at 200 and 300°C (Fig. 4b, c respectively) present the growth of irregular pores, resulting from the evaporation of water, ethyleneglycol excess and CO 2 release. Agglomerated particles with an elongated flakes shaped are formed. The porosity with an irregular morphology remains at 400 and 500°C due to the decomposition of polymeric chains (Fig. 4d, e) . Finally, the image obtained after the treatment at 600°C (Fig. 4f) , display agglomerated particles with an irregular shape. At 50,0009, note the acicular morphology and the nanometric size of the particles within the agglomerates (Fig. 5 ). Figure 6a shows the TEM dark field image of polymeric matrix powder calcinated at 600°C, and the Fig. 6b shows the corresponding HRTEM image. It shows the agglomerates of the obtained particles; and could be observed the nanometric size of the powder particles and the acicular morphology. The selected area of the electron diffraction pattern from the powder shown in the Fig. 6a is also show in the Fig. 6c . It could be observed the (0 0 2), (2 1 0) and (2 1 1) distinctive planes compatible with the OHAp phase. Figure 6d shows the histogram of the particle size distribution; the average of particle size is *18 nm. The specific surface area of the powders obtained from the BET method was 55 m 2 g -1 . Figure 7 shows the FTIR (Fig. 7a) , X-ray (Fig. 7b) and Raman (Fig. 7c ) spectra from polymeric matrix powder calcined at 600°C, note that the characteristic vibrational bands and maxima of the hydroxyapatite phase are presented. The IR spectrum shows bands at 3,571 cm -1 that could be assigned to the stretching mode of hydroxyl groups [16] . Bands in the range 1,089-1,037 cm -1 , arise from a triply degenerate antisymmetric stretching mode vibration of (PO 4 3-) [7, 8, 37, 38] . The band at 964 cm can be attributed to a non-degenerate symmetric stretching mode of (PO 4 3-) group [8, 38, 39] . Bands at 601 and 568 cm -1 are due to a doubly degenerate bending mode of the (PO 4 3-) functional group [7, 8, 38] . Finally, the band at 474 cm -1 is a component of the degenerate bending mode of the same functional group [8] . On the other hand, bands between 1,420 and 1,460 cm -1 and the band at 875 cm
Analysis of calcium phosphate
indicates small amounts of CO 3 [7, 11, 16, 39] . The XRD diffraction peaks correspond to the standard for hydroxyapatite (JCPDS file No. 09-432). There are no other phases presented. Raman spectrum confirms the formation of carbonated hydroxyapatite.
In Raman spectrum, the band at 963 cm -1 correspound to the m 1 symmetric vibrational mode of P-O, which is the most intense vibration from OHAp [3, 39, 40] . The band located at 448 cm -1 is assigned to the m 2 vibrational mode of PO 4 [3, 39, 40] . The bands located at 581, 590 and 608 cm -1 are assigned to the m 4 vibrational mode of PO 4 [3, 40, 41] . The m 3 vibrational mode of PO 4 is located at 1,047 cm -1 [39] [40] [41] . Other m 3 vibrational mode of PO 4 is located at 1,076 cm -1 , but, this band overlaps with the m 1 Fig. 6 a TEM dark field image polymeric matrix powder calcinated at 600°C, b HRTEM image from (a); note the nanometric size of the powder particles. c Selected area diffraction pattern from the powder; its indexation indicates that the powder corresponds to OHAp, d particle size distribution; the particles are of 18 nm approximately mode assigned to CO 3 located at 1,070 cm -1 , thus this band can be observed with a little distortion [39, 40] . The presence of this one, confirms the IR result, which indicates the presence of c-OHAp phase.
The unit cell parameters and the calculated crystallite size obtained for the c-OHAp synthesized by Pechini method were a = 0.942 nm, c = 0.689 nm, and a = 14.36 nm, c = 17.36 nm, respectively. It is worth to observe that the cell parameters are less than the cell parameters reported by JCPDS-09-432 card. These results could be attributed to the calcinations temperature and the CO 3 2-groups presence in the crystal structure.
Discussion
The Pechini method selected for the synthesis has yielded acicular nanoparticles of a monophasic carbonated hydroxyapatite. It is important to understand how the reaction proceeds and the effects on the nucleation of hydroxyapatite crystals. Citric acid acts as chelating agent, and forms a closed ring with Ca 2? ion. The metallic citrate avoids the chemical reaction of the free metallic ion that happened in free precipitation methods. The formation of the calcium citrate is represented in Fig. 8a [41] . The polyesterification reaction that proceeds later (reaction between the metallic citrate and the ethylene-glycol Fig. 8b ), leads to the formation of a polymeric matrix, where the phosphate and calcium ions are homogenously distributed within the matrix. The modification of the polymeric precursor ratio allows longer polymeric chains to be obtained (Fig. 9 ). This distribution of Ca and phosphate ions hinders the evolution of the nucleated particles and is the reason that enables the Pechini method to form nanoparticles and control its growth.
In c-OHAp, the carbonate ion might be incorporated in two sites of the apatite structure, the hydroxyl and the phosphate ion positions, yielding the A and the B type c-OHAp. When the carbonate ion substitutes at the two sites, then the AB-type OHAp was produced. The absorption bands of CO 3 2-at A site has been described at 880, 1,450 and 1,540 cm -1 , while those at B site can be described at 870, 1,430 and 1,450 cm -1 [2] [3] [4] 7] . As it can be observed in the FTIR spectrum at 600°C (Fig. 7) , the bands of CO 3 -2 are localized at 1,420-1,460 and 875 cm -1 , therefore, the hydroxyapatite obtained belongs to the B-type.
The results also indicate a decrement in the parameter a, while the parameter c increases, which indicates that CO 3 2-ions are substituting PO 4 3-groups in the structure of the apatite. Previously the FTIR results have suggested that the c-OHAp obtained was the B-type carbonated hydroxyapatite, and it is confirmed by the cell parameters calculated from XRD diffractogram. Morphology and particle size obtained are near to those in the bone, which is nanostructured non-stoichiometric with dimensions of 20 nm in diameter and 60 nm long [42] [43] [44] .
Single phase nanocrystalline carbonate apatite is the actual component in natural tissues such as bone and tooth, with the exception of enamel. They play a key role in biomineralization processes and in biomimetic materials. The capacity of osteointegration and the capacity to induce bone remodeling from synthetic materials rely on the control of particle morphology and the possibility of incorporate extraneous ions as occurred in nature [45] . Several [46] . Thus, the necessity of developing a reliable and flexible method to produce nanocrystalline particles of carbonated apatite with controlled morphology is evident. This paper proposes the Pechini method as a method for the production of these compounds.
Conclusions
c-OHAp has been obtained as a unique phase. A relatively low temperature of 600°C is appropriate to remove the organic reactants while avoiding the decomposition into several phases. The obtained particles sizes,\50 nm, are in the range of the natural apatites 20-60 nm. Monophasic Fig. 8 Chemical reactions that take place during the synthesis: formation of metallic citrate (quelate), between the citric acid and the calcium hydroxide and the subsequent reaction of polyesterification between the metallic citrate and ethyleneglycol Fig. 9 Squeme of polymeric chains formed nanocrystalline carbonate apatite particles can be obtained through the Pechini method.
